The changes of polarizational, elastic and structural properties of mutiferroic BiFeO 3 under [111] direction uniaxial stress are calculated using density functional theory within the Perdew-BurkeErnzerhof revised for solids (PBEsol) + U approach, and compared with available measurements or predictions. A large ferroelectric polarization of 87.5 µC/cm 2 is found, agreeing with other theoretical and experimental values, and the polarization changes near-linearly within the uniaxial stress range of 8 GPa to -8 GPa. This property can be used to indirectly control the radiative recombination of luminous organ and the electrical properties of transistor structure. In addition, we have also investigated the elastic stiffness coefficients and the elastic compliance coefficients in the same uniaxial stress range, which provide helpful guidance for the applications of BiFeO 3 .
I. INTRODUCTION
Multiferroics are promising materials because of their fundamental physical properties as well as their wide range of potential applications [1] [2] [3] . Among these materials, BiFeO 3 is the most promising multiferroics from the applications perspective 3 , and the latest results, such as photovoltaic effect 4 and ferroelectric-resistive random access memory 5 , it offers continue to fuel the interest in it.
At room temperature, bulk BiFeO 3 has long been known to be ferroelectric, with a Curie temperature ∼1110 K, and antiferromagnetic, with a Néel temperature ∼643 K is grown on a substrate having a square in-plane lattice, its symmetry is lowered to a monoclinic phase 11 . As the epitaxial strain increaseing, it undergoes a phase sequence of rhombohedral (R) to monoclinic (R-like M A ) to monoclinic (T -like M C ) to tetragonal (T ), which is otherwise seen only near morphotropic phase boundaries (MPB) in lead-based solid-solution perovskites 12 . The above results thus show that "strain engineering" is an important tool both in fundamental studies to understand complex phase transition as well as in approaches to find new, lead-free materials with technologically relevant properties, such as large piezoelectric coefficients and tunable polarization. In this work, we report the changes of polarization and elasticity properties under uniaxial stress (strain) in BiFeO 3 .
Elastic strain is an effective way to control the magnetic and the polarization of BiFeO 3 6-8,10-12 . Ramazanoglu et al. 6 showed that small uniaxial pressure (i.e. elastic strain)
will produce significant changes in the populations of magnetic domains and rotate the magnetic easy plane of domains in BiFeO 3 . Jang et al. 13 provided direct experimental evidence that (001) p -oriented BiFeO 3 films exhibit a strong strain tunability of their out-of-plane remanent polarization. However, no theoretical investigation has been done until now to study the changes of polarization and elasticity properties under uniaxial stress in BiFeO 3 , 2 which inhibits the applications of BiFeO 3 not only in bulk materials but also in thin films. This is another motivation for pursuing this work.
In this work we analyze the changes of polarization, elasticity and structure properties 4 . In the first-principles calculation, we employ a planewave cutoff of 500 eV and k-point sampling of 4×4×2 (comparing with k-point sampling of 4×4×8, the error of polarization is less than 0.1%). The electronic energy is convergent to at least 0.003 meV/atom, and all force components are relaxed to at least 2 meV/Å.
The optimizations of cell shape and ion's position are performed by Gaussian smearing technique 24 . The polarization and the elastic coefficients are calculated by Berry phase 25, 26 and the finite difference method 27 respectively.
III. RESULTS AND DISCUSSIONS

A. Properties of unstrained BiFeO 3
First of all, we study the structure, polarization and the elastic stiffness coefficients of unstrained BiFeO 3 , which are all listed in Table I . An earlier report 8 reveals that the ferroelectric properties of BiFeO 3 are very sensitive to the small changes in the lattice parameters.
Consequently, for predicting the ferroelectric properties correctly it is needful to estimate the structural parameters of BiFeO 3 accurately. As can be seen in Table I Let us now concentrate on the relative displacement (∆u = u -u 0 ) of ions in the cell (under fractional coordinates) vs. uniaxial stress. Strikingly, Fig. 3(a) To get more detailed information on near-linearly variational polarization, the Born effective charge (Z*) of ions in BiFeO 3 were obtained in the stress range of 16 GPa to -52 GPa , shown in Fig. 3(b) For a rhombohedral structure, the Born stability criterions are
(c 11 + c 12 )c 33 − 2c
The form of constraint condition of s ij 's is the same as the above formulas (not shown). The difference is that all the c ij 's of AFM BiFeO 3 are very sensitive to the hydrostatic pressure (see Fig . 2 of Ref. 7 ). But when we focused on the c ij 's in Fig. 4(a) , we only found c 33 increases unstably and relative-rapidly due to the high uniaxial compressive stress in the [001] direction.
Similarly, Fig. 4(b) shows that, except for s 44 , the absolute values of s ij 's decrease nearlinearly during the stress changing from 8 GPa to -8 GPa. When the tensile stress is bigger than 11 GPa, the absolute values of s 11 , s 12 , s 14 and s 44 increase rapidly. These great change make s ij 's no longer satisfy the Born stability criterions 33 and imply that the structure is elastic instability, which is tally with the above analysis.
D. Structural properties under uniaxial stress
From the analysis of elastic properties of BiFeO 3 under uniaxial stress, we found that the structure of BiFeO 3 is stable within the stress range of 8 GPa to -8 GPa, and when the tensile stress is greater than 11 GPa, the structure of BiFeO 3 becomes unstable obviously. This respectively. These phenomena indicate that the structure is stable in this uniaxial stress range. However, the relationship between V /V 0 (or ε 2 ) and uniaxial stress becomes nonlinear as the tensile stress increases, implying that the strain has crossed the elastic limit (or has a ferroelastic phase transition 34 ) and the structure is mechanically unstable. The results are consistent with the above analysis of elasticity and provide direction for future applications.
IV. CONCLUSIONS
We have studied the changes of polarization, elastic properties and structural stabil- 
